Cell-free protein-synthesizing systems that initiate on endogenous messenger RNA have been developed from uninfected and poliovirus-infected HeLa cells. Poliovirus double-stranded RNA is an effective inhibitor of protein synthesis in these extracts, and both cell-directed and virus-specific protein synthesis are equally sensitive to the inhibitory action of doublestranded RNA. The concentrations of double-stranded RNA required for inhibition are not achieved in the infected cell at early times after infection when hostcell shut-off occurs, but rather are achieved only late in infection when virus-specific protein synthesis begins to decline. This indicates that double-stranded RNA does not act as a direct agent to inhibit host cell protein synthesis following infection by poliovirus. The possible significance of inhibition by double-stranded RNA of poliovirus-specific protein synthesis is discussed.
A wide variety of viruses which lytically infect animal cells produce a marked inhibition of host-cell protein synthesis (for review, see ref. 1) . Although subject to investigation for many years, no mechanism has yet been demonstrated to explain either the inhibition of host-cell protein synthesis or the uninhibited translation of virus-specific messenger RNA (mRNA) under conditions where host-cell translation is prevented. In the case of poliovirus and other picornaviruses, infection of cultured cells results in a rapid degradation of cellular polysome structures, followed by formation of virusspecific polysomes and virus-directed protein synthesis (2) . Preexisting cell mRNA appears not to be degraded after infection (3) , and components of the cell's protein-synthesizing system remain capable of translating viral RNA. The fact that virus infection results in a decreased loading of host mRNA with ribosomes suggested a specific interference with the initiation event of cellular mRNA translation (4) .
Poliovirus-infected cells have been shown to contain a factor inhibitory to initiation of protein synthesis by rabbit reticulocyte lysates in vitro (5) . The inhibitory component was identified as viral double-stranded (ds) RNA (6) . These results suggested that dsRNA might be responsible for virus-specific interference with-host cell protein synthesis.
Cordell-Stewart and Taylor have reported that dsRNA is cytotoxic to most cultured cells (7) , and found that cellular protein synthesis was markedly inhibited when cells were incubated in the presence of dsRNA (8) . However, these workers found no inhibition of bovine enterovirus-directed protein synthesis when infected cells were similarly incubated with dsRNA. Although these experiments with intact cells seemed to suggest that cellular protein synthesis was sensitive to ds-RNA while viral protein synthesis was not, possible differences with respect to permeability, stability of the dsRNA, or other properties could not be ruled out. On the other hand, Robertson and Mathews demonstrated that dsRNA could inhibit in vitro translation by a Krebs ascites -cell extract of both exogenous encephalomyocarditis (EMC) virus RNA and globin mRNA from reticulocytes (9) .
The use of the reticulocyte lysate in previous studies did not permit a comparison of the effect of dsRNA on host and viral protein synthesis during infection. We have, therefore, developed a cell-free protein-synthesizing system from HeLa cells, a cultured cell line susceptible to poliovirus infection, which actively initiates translation on endogenous cellular or viral mRNA. This report shows that dsRNA inhibits protein synthesis in HeLa cell extracts, and that both cellular and viral mRNA translation are equally sensitive. (14) , and the product was shown to be greater than 98% radiochemically free of non-formylated Met-tRNAfMet and Met-tRNAmMet.
MATERIALS AND METHODS

Cells and
Cell-Free Protein Synthesis. The incubation mixtures contained 40% cell extract, 1 mM ATP, 0.2 mM GTP, 2 mg/ml of creatine phosphate, 0.2 mg/ml of creatine kinase, 30 mM Hepes-KOH, pH 7.4, 1.6 mM Mg acetate, 35 Nuclei were removed by centrifugation and the supernatant was extracted twice with sodium dodecyl sulfate-phenol at 650 (15) . Nucleic acids were precipitated from the aqueous phase with EtOH, made 2 M in LiCl and stored overnight at 40. The LiCl supernatant was collected by centrifugation, precipitated with EtOH, dissolved, and treated with 20 Mg/ml of DNase, and twice re-extracted with phenol at room temperature. The aqueous phase was concentrated by EtOH precipitation and purified by chromatography on Whatman CF-ll cellulose (16, 17) . The dsRNA was further purified by velocitv centrifugation through a sucrose gradient. The sedimentation profile of the resulting poliovirus dsRNA as well as that of a similar preparation from mock-infected HeLa cells is shown in Fig. 6 . The concentration of dsRNA was calculated assuming that 44 ,ug/ml had an absorbance at 260 nm of 1.000. ['H]dsRNA was used at a specific activity of 1.5 X 106 dp)m/M4g. Reagents. Nucleoside triphosphates, creatine phosphate, creatine phosphokinase, and dithiothreitol were purchased from Sigma. Calcium folinic acid and rabbit-liver tRNA were supplied by General Biochemicals. [-'S ]Methionine was from New England Nuclear Corp. and 3H-labeled reconstituted protein hydrolysate was from Schwarz/Mann. Ribonucleases T, and A were purchased from Calbiochem. RESULTS Protein Synthesis in Infected Cells. In order to compare the effect of poliovirus dsRNA on host-cell and viral protein synthesis, it was necessary to obtain cell-free protein-synthesizing extracts from uninfected cells, from infected cells at an early time when inhibition of host-protein synthesis had not yet occurred, and from infected cells in the middle of the replication cycle when virus-directed protein synthesis was maximal and predominant. Fig. 1 shows the rate of protein synthesis in HeLa cells infected with poliovirus as a function of time after infection. Although the rate of host-cell "shut-off" as well as the length of the replication cycle is dependent upon the multiplicity of infection, it can be seen that at the high multiplicities utilized in these experiments (150-250 PFU per cell), no inhibition is observed in the first hour after infection, whereas at 3 hr, the majority of protein synthesis is apparently virus-specific. This was confirmed by polyacrylamide gel analysis of the proteins synthesized after 2.5-hr infection. The characteristic pattern of poliovirus-specific proteins was displayed, with little background from host-cell protein synthesis (data not shown).
Poliovirus-specific polysomes and replicating RNA have been reported to be associated with distinct membranous components (18) . In order to insure that there had been no significant loss of protein-synthesizing structures during the preparation of Sio extracts from infected or uninfected cells, the polysome distribution from total cytoplasm (prior to removal of mitochondria) was compared by sucrose gradient velocity sedimentation with that recovered in the Sio extracts. Fig. 2 shows that under the conditions of these experiments, the majority of polysomes present in the total cytoplasm were recovered in the S10 extracts from both uninfected and poliovirus-infected cultures.
Characteristics of Cell-Free Protein Synthesis. Evidence has been obtained that mammalian cells incorporate methionine into the amino-terminal position of their proteins (19, 20) ; there are also indications that the poliovirus precursor protein incorporates this amino acid in the same terminal position (21, 22) . Nonformylated methionine is enzymatically removed from the amino terminus of nascent peptide chains in vivo.
Since fMet-tRNAfMet can correctly initiate protein synthesis in vitro, and since it is more stable than the nonformylated form (23), the incorporation of [35S]fMet from [15S]fMettRNA into protein by cell-free extracts of uninfected and poliovirus-infected HeLa cells was taken as a measure of initiation of new protein chains. Excess unlabeled methionine was added to the incubation mixtures to avoid any incorporation from free methionine which might possibly be released during the incubation. Fig. 3 shows the kinetics of initiation of protein synthesis in cell-free extracts prepared from uninfected HeLa cells and from cells infected with poliovirus for 3 hr. The time-course of poliovirus-specific uridine incorporation in the cells from which the infected cell extract was prepared is shown on the right. 5 shows that all extracts show virtually identical sensitivity. We conclude that virus-specific protein synthesis is as sensitive to the inhibiting effects of viral dsRNA as celldirected protein synthesis and no additional sensitivity is conferred by virus-induced factors present at early times after infection. Inhibition occurs at concentrations ranging from about 2 to 50,ug/ml, and is almost complete at the latter concentration.
In order to determine the relative sensitivities to dsRNA, viral dsRNA in the infected cell extract. A known amount of ['H]dsRNA was added to an extract prepared from cells infected for 3 hr with poliovirus, and the dsRNA was isolated as described in Methods. From the absorbance of the purified dsRNA in a sucrose gradient similar to that shown in Fig. 6 and from the recovery of tracer [3H]dsRNA, the endogenous concentration in the 3-hr infected S1o extract was estimated to be 1.3 ,gg/ml. This amounts to 1.1 X 10-8, g of dsRNA per cell, or approximately 5.8 ug/ml of cytoplasm in the infected cells at the middle of the replicative cycle. This represents the time in poliovirus replication when the rate of virus-specific protein synthesis is beginning to decline (see, e.g., Fig. 1 ). The amount of poliovirus dsRNA in infected cells increases from zero at the time of infection to the measured value at 3 hr; the kinetics of accumulation parallel those of total virusspecific RNA (24, see right, Fig. 3) . If the data obtained in vitro and shown in Fig. 5 can be extrapolated to in vivo conditions, we conclude that at early times during infection there is an insufficient accumulation of viral dsRNA to account for the observed inhibition of cellular protein synthesis. The time at which intracellular dsRNA attains inhibitory levels appears to correlate with the time of declining viral protein synthesis, and may indeed be the explanation for the limitation on virus yield, regardless of the initial multiplicity of infection.
The possibility of differential degradation of dsRNA by infected and uninfected cell extracts which could potentially mask a differential sensitivity to the inhibitory effect can be Z I10/0 thesis initiate with Met-tRNAf Met (19, 21, 22) , it might be suggested that a modification or change in the requirements for specific initiation factors is responsible for the differential translation of cellular and viral mRNA. Such changes have been suggested for the translation of other mRNA's in other systems (25, 26) . Kaempfer and Kaufman (27) have recently shown that dsRNA complexes with the rabbit reticulocyte protein initiation factor IF-3, and that inhibition of protein synthesis by dsRNA in rabbit reticulocyte lysates can be overcome by addition of an excess of the factor. If these results also apply to HeLa cells, the finding that both uninfected and poliovirus-infected cells show similar sensitivities to dsRNA (Fig. 5) indicates that this factor is not modified during infection, at least with respect to its affinity for ds-RNA. Darnbrough et al. (28) have shown that dsRNA appears to prevent the formation of complex formation between Met-tRNAfMet and 40S ribosomal subunits in reticulocyte lysates.
In contrast to the extreme sensitivity of the reticulocyte lysate to concentrations of dsRNA as low as 1 ng/ml, the HeLa cell extracts require concentrations greater than 1 jsg/ ml for inhibition. In addition, the inhibition of in vitro protein synthesis by dsRNA in both reticulocyte lysates (6, 28) and Krebs ascites cell extracts (9) showed a short but characteristic period of amino-acid incorporation before inhibition was demonstrable. The HeLa cell extracts described here are inhibited immediately. These differences are possibly due to differences in the cycle or quantity of ribosomes and factors during protein synthesis in the lysates.
Poliovirus dsRNA inhibits both viral and cellular protein synthesis in vitro. The fact that host cell protein synthesis is not inhibited by the concentrations of dsRNA which are present at the time of host cell "shut-off" (Fig. 5) 
